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Abstract
We conducted a neutron measurement associated with muon catalyzed t–t fusion reactions, t+ t+µ−→ α+n+n+µ−+Q
(11.33 MeV), in a solid T2 target formed by a high-purity tritium gas (98.9%) with a deuterium component of less than 100
ppm. The observed fusion neutrons showed a continuous energy distribution with a shoulder at 6 MeV and the maximum
energy at 9 MeV. This feature is inconsistent with the reaction Q-value and three-particle decay with no particle correlations
at the exit channel. The obtained neutron-energy distribution was well reproduced by a simple model with two neutron-energy
components. The result suggests strong n–α correlations in the three-particle decay at the exit channel of the t + t reactions
which proceed at an extremely low energy through ttµ mesomolecule formation.
 2003 Elsevier Science B.V.
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Open access under CC BY license.Muon-catalyzed t–t fusions (t–t µCF) take place
when negative muons stop in a tritium (T2) tar-
get. The negative muons form tµ atoms by bind-
ing to triton nuclei (t), and the tµ atoms then col-
lide with T2 molecules to form ttµ mesomolecules.
The ttµ formation process is different from those of
dtµ or ddµ mesomolecules, and does not proceed res-
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level of the ttµ mesomolecule [1]. The t–t µCF re-
actions occur in the ttµ mesomolecules and are de-
scribed by
t+ t+ µ− → ttµ−
(1)→ α+ n+ n+ µ− +Q (11.33 MeV)
(2)→ αµ− + n+ n+Q.
This reaction is very interesting from the view point
of the nuclear reaction mechanism at extremely low
energies, since a t + t system with such low ener-
gies is formed in the ttµ mesomolecule, and decays to
three particles at the exit channel included in Eq. (1).
The t + t reaction proceeds under an extremely low-
energy circumstance via ttµ mesomolecule formation.
This feature is not attainable by conventional beam–
target experiments, where the incident beam energy is
higher than∼ 20 keV, and an electron-screening effect
of the target nuclei cannot be excluded in the analy-
sis. In this study, the t+ t reaction mechanism under
an extremely low-energy condition could be investi-
gated by observing the behavior of the out-going par-
ticles: fusion neutrons and an α particle. Especially,
the neutron-energy distribution may contain important
information on possible particle correlations at the exit
channel. Eq. (2) shows the muon sticking phenomenon
when a muon is captured by the α particle with a cer-
tain probability. The neutron measurement also deter-
mines important parameters: the fusion neutron yield,
the muon sticking probability and the fusion cycling
rate of the t–t µCF process.
As for experimental studies on the t–t µCF, Breun-
lich et al. performed an experiment using gaseous and
liquid T2 targets at PSI [2]. They measured the recoil
proton-energy distribution of the t–t µCF neutrons and
the signal buildup at an early region of the neutron-
time distribution; they determined the muon sticking
probability, the ttµ formation rate and the t–t fusion
rate. At the RIKEN-RAL Muon Facility, we conducted
a t–t µCF experiment using a solid T2 target; the pre-
liminary results of X-ray and neutron measurements
have been reported [3]. In the X-ray measurement,
Kα and Kβ X-rays originating from the muon stick-
ing process (Eq. (2)) were observed, and both the Kα
X-ray yield (0.12± 0.03) per muon stopped in the tar-
get and the Kβ/Kα intensity ratio (0.12± 0.02) were
determined [3]. As separately reported [4], we ob-served the 6.76 keV radiative photons associated with
the µ− transfer process from tµ− atoms to 3He nu-
clei through intermediate t 3Heµ− mesomolecule for-
mation in solid T2, and determined both the radia-
tive decay branching ratio of the mesomolecule decay
process and the muon transfer rate from tµ− atoms to
3He nuclei at 16 K. Theoretically, the muon catalyzed
t–t fusion rate and the muon sticking probability have
been predicted [1,5], while the neutron-energy distrib-
ution associated with the t–t µCF process has not been
calculated.
In order to precisely measure the neutron-energy
distribution originating from the t–t µCF reaction, we
recently performed a t–t µCF experiment using a solid
T2 target at the RIKEN-RAL Muon Facility. In this
Letter, we report on the details of the experiment, the
result and our analysis.
The experiment was performed using the same ex-
perimental set-up as that installed for a series of d–t
µCF studies [6] at the RIKEN-RAL pulsed Muon Fa-
cility [7] located at the Rutherford Appleton Labora-
tory in the UK. Tritium gas (T: 98.9%, H: 1.1%, D <
100 ppm) produced at the Department of Radioiso-
topes in JAERI [8] was purified by a palladium filter
in an in-situ tritium gas-handling system [9] to remove
any 3He impurity originating from tritium β-decay.
A solid T2 target with a volume of 0.55 cm3 was
formed in a target cell at 16 K using tritium gas with
a volume of 0.564 liter at STP and an inventory of
53.7 TBq (1450 Ci). The target cell, made of cupro-
nickel alloy, was a cylinder of ∅14 mm× 14 mm with
a beryllium window of 0.5 mm thickness for photon
observation. The target was positioned at the magnetic
field center of a superconducting Helmholtz coil. The
applied magnetic field of 2.4 T focused not only the in-
coming muon beam towards the target cell, but also the
µ–e decay electrons to prevent them from reaching the
photon detector. The photon detector was located in
the magnet-coil gap perpendicular to the muon beam
direction and measured X-rays to determine the muon
stopping numbers in the target.
In order to detect neutrons, three calibrated NE213
liquid scintillators (∅2 inch × 2 inch) were used.
They were mounted on magnetic-field resistant photo-
multipliers (Hamamatsu Photonics, H6614) through
short acrylic light guides, and positioned at a distance
of 84 cm downstream of the target. Lead bricks of 5 cm
thickness were placed in front of the counters to elim-
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the d–t µCF contribution. The spectrum was obtained by integrating the data taken in some experiment runs for several days. The background
originating from the target cell was obtained in a separate experiment using the empty target, and was subtracted in the spectra.inate the µ–e decay electron background. Neutron–
gamma discrimination was performed by employing a
Delay Line Amplifier (ORTEC 460) and a Pulse Shape
Analyzer (ORTEC 552). To detect neutron pile-up sig-
nals, we obtained neutron-energy information at three
different time gates: the normal time gate, pre-gate
(just before the signal) and post-gate (tail of the sig-
nal). Multi-hit events were also observed in the time
range to 30 µs by employing a multi-hit TDC (LeCroy
2277). Any abnormal neutron-signals accompanied by
the pile-up or multi-hit event were eliminated in an off-
line analysis. Separate measurements of the neutron-
detection efficiency were conducted at AIST using
standard neutron beams of 14 and 5 MeV generated
by d+ t and d+ d reactions, respectively. A neutron-
energy calibration of the detection system was car-
ried out using both the 14.1 MeV fusion-neutrons from
the d–t µCF experiments and a Compton edge of thegamma ray from 88Y source; the Compton edge of the
1.836 MeV gamma ray corresponds to a recoil proton-
energy of 3.96 MeV [10]. The neutron-transmission
efficiency from the solid T2 target to the neutron de-
tectors was calculated using the MCNP Monte Carlo
simulation code [11] and nuclear data obtained from
JENDL-3.2 [12]. A detailed description of the neutron
detection system was published elsewhere [13].
A backward-decay negative muon beam with a
momentum of 54.5 MeV/c was extracted by the
superconducting muon channel [7] and injected into
the solid T2 target. The stopping muon number in the
target was determined by a combination of the X-ray
and µ–e decay electron measurements [6], where
the µ–e decay electrons were detected by segmented
plastic scintillation counters located at the backward
and forward directions from the target. The data-
taking was started following T2 solidification, and all
T. Matsuzaki et al. / Physics Letters B 557 (2003) 176–183 179Fig. 2. Neutron-time spectrum obtained in the t–t µCF experiment. The solid line shows a typical fitting result by an exponential decay function
with a single component. The spectrum was obtained by integrating the data taken in some experiment runs for several days, where the
contribution from the d–t µCF process was subtracted. The background originating from the target cell was obtained in a separate experiment
using the empty target, and was also subtracted in the spectrum.of the data concerning neutrons, photons and decay
electrons were recorded in an event-by-event mode for
an off-line analysis [14].
We observed the recoil proton-energy spectra
shown in Fig. 1. The raw spectrum (a) indicates that
the t–t µCF neutrons distribute continuously up to
about 9 MeV, being superimposed on the neutron-
energy distribution originating from the d–t µCF with
the maximum energy at 14.1 MeV. Since the d–t µCF
recoil proton-energy spectrum was well known in our
experiments [6], the contribution was subtracted from
the raw spectrum. The corrected spectrum (b), still
having a slightly remaining d–t µCF neutron contribu-
tion, shows a continuous trapezoidal distribution with
the maximum energy. The subtracted d–t µCF contri-
bution was about 4% of the total raw spectrum, and
corresponds to a D fraction (DT and D2) of severalhundred ppm in the T2 target. The D fraction is con-
sidered to come out from the inner surface of the
tritium gas-handling system, because we handled a
large amount of D–T gas in the system for the se-
ries of d–t µCF experiments conducted prior to the
present t–t µCF experiment. The fusion rate of d–t
µCF is about two orders of magnitude higher than the
one of t–t µCF, and consequently the d–t µCF con-
tribution is revealed in the observed neutron-energy
distribution. On the other hand, we used the 14.1
MeV neutrons to confirm the energy calibration of
the neutron detection system, and the maximum en-
ergy of the t–t µCF neutrons was determined to be
9 MeV.
By taking into account the various corrections
(pile-up, multi-hit, solid angle, transmission efficiency
and detection efficiency), the t–t µCF neutron yield
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shown with vertical bars in a linear scale. The upper abscissa shows the transferred electron-energy in the neutron counters [10]. The assumed
original neutron-energy distributions at the T2 target are shown in the inserted figure. In the model (a) and (b), a statistical neutron-energy
distribution and a neutron generation of a monochromatic energy at 9.44 MeV were assumed, respectively. In the model (c), a simple model
containing two neutron-energy groups was assumed, and the detail is described in the text.was finally determined to be 11.2 ± 2.2 per muon
stopped in the solid T2 target. The observed neutron-
time spectrum is shown in Fig. 2, and is described well
by an exponential decay function with a single compo-
nent. The decay component, called the neutron disap-
pearance rate, was obtained to be 0.883± 0.009 µs−1
after a correction due to the muon transfer process to
the 3He atoms in the solid T2 target. The details of
the correction were described elsewhere [4,15]. From
the neutron disappearance rate, both the cycling rate
of 3.3 ± 0.7 µs−1 and the muon sticking probability
of 8.7± 1.9% in the t–t µCF process were then deter-
mined [3].
We should mention here a tritium sublimation
effect and 3He accumulation in the solid T2 target.
It is known that solid tritium in a cylindrical cavity
forms a uniform and stable distribution with a certain
time constant due to a sublimation effect inducedby β-decay radiation heating [16]. At every moment
in the experiment, we monitored the change of the
stopping muon numbers in the solid T2 target by
the µ–e decay measurement, and confirmed that the
solid T2 target formed a stable spatial distribution at
16 K within one hour after solidification. In addition,
we found that the tritium β-decay product (3He)
accumulated in the solid D–T and T2 targets in a series
of our experiments [4,15].
The corrected recoil proton-energy spectrum ob-
tained by subtracting the d–t µCF contribution is pre-
sented using a linear scale in Fig. 3, where the upper
abscissa shows the transferred electron-energy in the
neutron counters by the t–t µCF neutrons [10]. Com-
paring our result with the recoil proton-energy spec-
trum reported by Breunlich et al. [2], which was dis-
played in terms of the transferred electron-energy in
the liquid scintillation counters [17], a good agreement
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spectrum line shape.
In the t–t µCF process, the tµ atoms collide with
T2 molecules to form the ttµ mesomolecules. As pre-
dicted by Bogdanova [1], the ttµ molecular state with
rotational (J = 1) and vibrational (v = 1) quantum
number is formed with the highest probability. The de-
excitation from the (J = 1, v = 1) state to the (J = 1,
v = 0) state is allowed by the E0 Auger transition in
the cascade process. While, the transitions from the
J = 1 states to the J = 0 states are suppressed be-
cause they require the nuclear spin-change of the t+ t
identical nuclei system [1]. Therefore, the t + t fu-
sion reactions take place predominantly at the (J = 1,
v = 1 and J = 1, v = 0) molecular states by the p-
wave nuclear cross section [1,19]. The formation and
cascade processes of the ttµ mesomolecule are very
similar to those of the ddµ mesomolecule in the d–d
µCF process, where the ddµ mesomolecule includes
the d+ d identical nuclei system, and the d+ d fusion
reaction takes place dominantly at the J = 1 states of
the mesomolecule [1].
The t + t reaction results in two neutrons and an
α-particle in the continuum. The situation is compli-
cated by the fact that there are both initial and final-
state interactions between the two neutrons and also
between a neutron and an α-particle. We examine here
the process in three limiting cases:
(a) no final state interactions; that is no n–n or n–α
correlations;
(b) n–n correlations only; as if the decay were t+ t→
α+ 2n;
(c) n–α correlations only; as if the decay were t+ t→
5He+ n→ α+ n+ n.
Since both n–n and n–α correlations must be present
in the final state, the experimental data would ideally
be described by a model that appropriately considers
these interactions more completely, but this is beyond
the scope of the present Letter.
In the limit (a) the outgoing particles have no
correlations and consequently the neutron energy will
be distributed according to the statistical phase-space
formula [5].
In the limit (b) the correlated two-neutron system
(2n), or dineutron, is emitted in the direction opposite
to the α-particle, and since the n–n phase shift showsthat the interaction is strong near zero energy, the
kinetic energy of the dineutron will be shared between
the two neutrons roughly equally, each having about
3.8 MeV.
In the limit (c) the two neutrons are emitted
sequentially. However, the virtual states in 5He are in
reality very broad phase-shift anomalies in the p3/2
and p1/2 phase shifts. The 3/2− resonance is unbound
by about 0.9 MeV and has a width of approximately
0.6 MeV [18]. If 5He is left in this fashion, the
other neutron would have an energy of 8.7 MeV
( 56 (Q − 0.9)) with a width of about 0.6 MeV. The
1/2− resonance, the excitation energy of 4 ± 1 MeV
and the width of 4± 1 MeV [18], would correspond
to a lower energy and broader neutron group with
an energy around 5.4 MeV. The decays of these
resonances would then produce more neutrons at even
lower energies, mostly below our detection threshold
of 3 MeV. The neutron distribution for the limit (c)
would therefore correspond to two neutron groups
with higher and lower energies.
As shown in Fig. 3, it is obvious that the ob-
served neutron-energy distributions have a shoulder at
6 MeV and the maximum energy at 9 MeV. It seems
difficult that this result is understood based on the
three-particle decay without any particle correlations
(limit (a)) at the exit channel with the reaction Q-value
of 11.33 MeV. In addition, the observed neutron-
energy up to 9 MeV does not support a possibility
of the limit (b) (n–n correlations only). Consequently,
this experimental evidence may be understood by as-
suming the strong n–α correlations (limit (c)) in the
three-particle decay. To examine this picture, the ob-
tained neutron-energy distribution was analyzed by as-
suming three simple models and the results are shown
in Fig. 3. In order to reproduce the observed neutron-
energy distribution in the detectors, the original neu-
trons with kinetic energy distributions according to the
assumed models were generated at the target position,
and their transport to the neutron detectors was calcu-
lated by the MCNP Monte Carlo simulation code [11],
including the neutron detection efficiency. The calcu-
lated neutron-energy distributions were normalized to
the experimental data in the energy region from 4 to
10 MeV.
At first, a statistical neutron-energy distribution
(curve (a) in the insert in Fig. 3) was considered
without any particle correlations at the exit chan-
182 T. Matsuzaki et al. / Physics Letters B 557 (2003) 176–183nel (limit (a)). The original neutron-energy distribu-
tion ρ(En) was obtained by a phase-space formula
(Eq. (3)) [5], and was distributed from zero to the pos-
sible maximum energy (Emax = 56Q = 9.44 MeV) in
the assumed two-particle decay mode, n+ 5He:
(3)ρ(En)= 2
π
(
2
Emax
)2[
E(Emax −E)
]1/2
.
The calculated neutron-energy distribution (a) shows
a simple decreasing function, and deviates from the
experimental data. Secondly, as an extreme case, the
generation of a monochromatic energy neutron of
9.44 MeV was studied, and the obtained distribution
(b) shows a completely different distribution from the
experimental data.
Finally, a simple model containing two neutron-
energy groups was examined, corresponding to the
limit (c) (n–α correlations only). The t–t µCF neu-
trons were assumed to be equally divided into higher
and lower-energy groups. The original neutron-energy
distributions of the two energy groups were then sim-
ply assumed to be square-box shaped, as shown by
the two boxes (c) in the insert in Fig. 3. The max-
imum energy of the high-energy group was fixed at
9.44 MeV, and the minimum energy was determined
at 6.25 MeV so as to give a better fit to the experimen-
tal data. The neutron-energy of the low-energy group
was assumed to be distributed in the range from 0.38 to
5.08 MeV; the former is the minimum neutron-energy
1
6
1
5Q in the two-particle decay of the assumed inter-
mediate state (5He): 5He→ n+ 4He, and the latter is
the corresponding residual energy for the case of the
lowest energy of the high-energy group (6.25 MeV),
respectively. As shown in Fig. 3, the calculated re-
sult (c) agrees reasonably well with the experimental
neutron-energy distribution in the energy range from 4
to 10 MeV. The deviation from the experimental data
may be caused by a simplification using the square-
box shaped distribution.
Even though the assumed model was very sim-
plified in the present calculation, the experimental
neutron-energy distribution is basically well repro-
duced by a two-energy-component model assuming
strong n–α correlations. Namely, the result supports
the proposed picture that one neutron with a higher
energy is emitted from the highly excited state formed
in the t+ t reaction, and that the other neutron is cap-tured by an α particle to form the intermediate 5He
resonances, followed by the neutron release at a lower
energy.
So far, total neutron cross-section measurements on
a gaseous 4He target were performed, and the α + n
resonance with a large width (about 1.2 MeV) was ob-
served at an incident neutron-energy of 1.15 MeV [18].
The ground state of the 5He nucleus, situated at about
0.9 MeV above the α + n threshold [18], is located
very close to the resonance position observed in the
total neutron-cross section measurements. This result
can be considered to support the possibility proposed
by the present work that the α + n resonance is pro-
duced in the highly excited state formed in the t + t
reaction.
In some theoretical studies, an effect of the strong
n–α correlations at the exit channel of the t + t re-
action was considered. In the t–t µCF process, Ger-
shtein et al. predicted the energy distributions of µα
atoms generated in the muon sticking process (Eq. (2))
on their way to calculate the muon sticking probabil-
ity [5], where they assumed three possible particle-
interactions at the exit channel: no particle correla-
tions (statistical distribution), n–n correlations and n–
α correlations. On the other hand, in order to predict
the astrophysical S-factors of the 3H(3H,2n)4He reac-
tion, the contribution of the n–α correlations at the exit
channel was taken into account in their calculations by
Descouvemont [20] and Csoto et al. [21]. However, no
theoretical studies have so far been performed to pre-
dict the neutron-energy distribution originating from
the t+ t reaction.
In summary, we observed the neutrons associated
with the t–t µCF reactions, and determined the fu-
sion neutron yield of 11.2 ± 2.2 per muon stopped
in the target. The measured recoil proton-energy spec-
trum showed a continuous distribution with a shoul-
der at 6 MeV and the maximum energy at 9 MeV, and
was in good agreement with the other experimental
data [2]. The obtained neutron-energy distribution was
analyzed and basically well reproduced by a simple
model with two neutron-energy components, suggest-
ing strong n–α correlations in the three-particle decay
at the exit channel. The result is very important from
the viewpoint of the nuclear reaction mechanism at an
extremely low energy because the t+ t fusion reaction
takes place in the ttµ mesomolecule predominantly by
the p-wave nuclear cross section. This feature is very
T. Matsuzaki et al. / Physics Letters B 557 (2003) 176–183 183unique, since it is not realized by conventional beam-
target experiments, and gives a desirable situation to
study a few-body problem of the six-nucleon t+ t sys-
tem. A further theoretical understanding of the t + t
system is greatly required. In particular, the neutron-
energy distribution should be calculated theoretically
by taking into account the strong n–α correlations in
the t+ t reaction which takes place at almost zero en-
ergy in the ttµ mesomolecule.
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